Summary Bone density measurements are important for evaluation and follow-up of children with alterations in their mineral status (increased risk for fractures and osteoporosis subsequently). Interpretation of these measurements relies on the availability of appropriate reference equations. We developed gender-specific, age-dependent reference values of bone density for Central European children. Introduction In recent years, there has been an increasing demand for the measurement of bone density in children exposed to an increased risk of early alterations in their bone status. These values must be compared to an adequate reference population. The aim of the present study was to create reference equations of radial speed of sound (SOS) for Central European children and adolescents. Methods In this cross-sectional study, SOS values were measured at the distal third of the radius in 581 Swiss children and adolescents (321 girls and 260 boys) aged 6 to 16 years using the Sunlight Omnisense® 7000P quantitative ultrasound system. Results Gender-specific reference equations for SOS values were derived by polynomial regression and combined a cubic dependence of age and a linear dependence of height. The fitted SOS curves in our study population show a plateau period in both genders for younger ages followed by an increase phase beginning at the age of 12 in girls and 14 in boys. Neither the reported level of physical activity nor additional sport nor self-reported calcium intake influenced the reference equations. Conclusions Our results show a good agreement with similar studies using the same measurement technique on other body parts, suggesting a wide applicability of the obtained reference curves over different European populations.
Introduction
The development of bone density and mineral status in children and adolescents is of great relevance, as the majority of peak bone mass (PBM) is achieved by late adolescence [1] . An optimal PBM, in turn, is important to prevent fractures and osteoporosis in later life [2] . Bone density is not only influenced by extrinsic factors such as physical activity [3] , nutrition [4, 5] , or medication [6] but also by intrinsic factors such as genetics (explaining up to 80 % of PBM variance) [7] [8] [9] , gender, ethnicity, endocrine status [10, 11] , and chronic illnesses [12, 13] . Thus, the demand for gender-specific and agedependent reference values of bone density for children who are exposed to an increased risk of early alterations in their bone status (due to e.g., inflammatory bowel disease or cystic fibrosis) has grown during the last years. The quantitative ultrasound (QUS) technique is often applied to assess bone density in children, as the device is safe, easy to use, costeffective, portable, and radiation-free [14] .
Previous studies have reported normative data for QUS variables measured at the heel [15] [16] [17] [18] [19] , proximal hand phalanges [20] [21] [22] , tibia (mid-shaft) [23] [24] [25] , and radius (distal third) [23, 25] . The distal third of the radius is a convenient region of interest in clinical practice, as the forearm is quickly and easily accessible. Due to the comfortable sitting posture of the child and the operator, the communication remains unimpeded during the QUS measurement, which enhances compliance. Reference values for these measurements have been presented for some individual countries [23, 25] . However, to our knowledge, no radial QUS reference values in children and adolescents have been established in a Central European population to date.
The aim of our investigations was, therefore, to create pediatric reference equations of radial speed of sound (SOS) measurements in children and adolescents for a Central European population and to investigate effects of intrinsic and extrinsic factors on SOS.
Subjects and methods

Subjects
We performed a cross-sectional survey of 581 children and adolescents (321 girls and 260 boys) aged 6 to 16 years attending primary, secondary, and academic high schools in Eastern Switzerland. In each school, teachers distributed a short questionnaire (additional data are given in Online Resource 1) to be completed by the students themselves or the parents of all children between the ages of 6 and 16. An informed consent was obtained from the children's parents for questionnaire data and bone density measurement. The study was approved by the local ethical board and the school board of every participating school.
Study protocol
Anthropometric data and basic health information were collected from the participants. Using a questionnaire (additional data are given in Online Resource 1) completed by the parents of the students, the following data were collected: age, gender, weight, height, handedness, previous fractures, chronic illnesses, and current medication. Weight (in kilograms) and standing height (in centimeters) were measured according to WHO recommendations [26] . BMI was calculated by the quotient of weight (in kilograms) and height (in square meters).
Quantitative ultrasound QUS measurements of the nondominant distal radius were performed using the Sunlight Omnisense® 7000P device (Sunlight Medical Ltd., Tel Aviv, Israel). The technique is based on the axial transmission of inaudible high frequent sound waves along the cortical bone at a center frequency of 1.25 MHz. The waves are generated by two transmitters in the handheld probe. The SOS is influenced by different bone variables (such as density, architecture, and elasticity) and is measured by the two receivers of the same probe. The distal radial QUS was measured at the point halfway between the tip of the outstretched middle finger and the olecranon. To optimize the contact between probe and examined skin, an ultrasound coupling gel was used for transmission.
System quality verification: phantom
The quality of the measuring system was verified by a specially designed phantom, supplied by the manufacturer, consisting of homogenous hard polymers. Depending on temperature, the phantom adapts its SOS value, imitating physical properties of the bone. On each measurement day, the SOS value of the temperature-equilibrated phantom was measured together with the room temperature and compared to internal standard values of the instrument. In this way, the temporal stability and accuracy of the system was ensured.
Statistical analysis
Statistical analysis was performed with the software SAS 9.2 (The SAS Institute, Cary, NC). The frequency of the population characteristics was compared between boys and girls using the χ 2 test for nominal or categorical variables and the t test for continuous variables. Reported p values are twosided. p values <0.05 were considered significant.
For the analysis, we defined the following parameters:
-Additional sport was defined as children participating in physical activities additional to sports lessons at school. -Calcium intake was defined as the cumulative intake of milk or milk products. Four categories were determined: (1) no milk or milk products intake, (2) milk or milk products intake a few times a week, (3) daily intake of milk or milk products, and (4) intake of milk or milk products several times per day. -Chronic illnesses were defined as answering yes to one of the following: "Do you have asthma, chronic cough other than asthma, neurodermatitis, pollinosis, attention deficit hyperactivity disorder (ADHD), a cardiovascular disease, a musculoskeletal disease, a gastrointestinal disease, a neurological disease, or another disease?"
-Current medication was defined as answering yes to one of the following: "Do you use inhaled steroids, topical steroids for the skin, topical nasal steroids, other asthma medications, medication for ADHD, any contraceptive agents, or any other medications?"
The reference equations were estimated using the QUANT REG package in SAS 9.2. The relationship between the bone density parameter and the explanatory variables age and height stratified by gender was modeled. Weight was not included as it did not influence the SOS values. Prediction equations for the 10th, 25th, 50th, 75th, and 90th quantiles are shown as they correspond to clinically relevant cutoff points. The model fit was tested by R squared (fraction of explained variance) and likelihood ratio (LR) test as well as graphical residual analyses.
Results
Study population
Altogether, 749 questionnaires were distributed. Bone density was measured from the 581 children whose questionnaires were returned (response rate of 77.6 %). The study population consisted of 581 children and adolescents, 260 (44.7 %) boys and 321 (55.2 %) girls, with an age range between 6 and 16 years. Most of the children reported no impairments to health (80.21 %), did not take any current medication (93.29 %), and did not have any previous fractures (78.49 %). Twenty-two of the children reported a diagnosis of asthma, with only two being on inhaled corticosteroids. None of the remaining children had chronic diseases or were on medications, which are expected to affect their bone status and were therefore included in the data analysis. Significantly, more boys reported to perform additional sports than girls (86.7 vs 79.1 %; p=0.016), and there were no other significant differences between girls and boys regarding study population characteristics. Additional characteristic features of the study population are compiled in Table A of the online repository.
Speed of sound distribution
In boys, the mean observed SOS was 3,792 m/s (standard deviation 97.94) with individual measurements ranging between 3,548 and 4,086 m/s. In girls, the mean SOS was 3,857 m/s (standard deviation 138.95) with individual measurements ranging between 3,575 and 4,202 m/s. In Table 1 and Fig. 1 , the mean and standard deviation of SOS values measured at radius for each age class separated by gender are shown. In the lower age range, the differences between both genders and age classes are relatively small. However, the mean SOS values show a distinct increase beginning at the age of 12 years in girls, whereas in boys, the increase starts only about 2 years later, at the age of 14 years. Accordingly, the values for girls are higher above the age of 13 years. The difference between males at 14 years and females at 12 years was not statistically significant (p=0.3286) possibly due to the small sample size of these specific ages (29 males at 14 years; 26 females at 12 years).
The increase in mean SOS over the entire investigated age range is about three times larger in girls than in boys. Table 1 also includes the medians of the age classes. Differences between arithmetic means and medians are relatively small and not systematic, indicating a near-symmetric statistical distribution of the SOS values within the age classes.
Reference equations
Gender-specific reference equations for median SOS values and other quantiles were derived by regression analysis, and the best fit for both genders was obtained by a combined cubic dependence of age and a linear dependence of height. Residual analyses were performed graphically for the models and are shown in Fig. 2 . The comparison with the theoretical distributions indicates that the data points have a near-ideal Gaussian distribution around the fitted model equation. Within the quantile regression framework, we estimated reference equations for the 10th, 25th, 50th, 75th, and 90th quantiles using all SOS values (Table 2) . A graphical representation of the fitted equations together with the measured SOS data points as a function of age and stratified by gender is shown in Fig. 2 . For the curve plots, the mean height for each age class and gender was used. The curves show a plateau period in both genders for younger ages followed by an increase phase beginning at the age of 12 years in girls and at 14 years in boys. For this model, the r 2 for boys was 0.16 and the LR test was p=0.006. For girls, the r 2 was 0.60 and the LR test was p<0.001. Thus, the fitted model equations show a significant correlation for both genders, but the explained variability is much lower for boys than for girls. Although the data of the entire study population were included in the fitting of the reference equations, we recommend the use of the equations only for children in the age range of 7-16 years as there were only 16 children under the age of 7.
Most of the children considered themselves fit (183/581, 31.5 %) or very fit (389/581, 66.9 %), and only a minority reported to be little (8/581, 1.5 %) or not fit (1/581, 0.1 %). This made the variable difficult to test in this population. Similarly, most of the children declared to take no medication (542/580, 93.45 %). According to the questionnaire, two children regularly used inhaled corticosteroids, two children nasal steroids, and five other nonsteroidal asthma medications. One child reported the use of topical steroid creams and eight children medication for ADHD; 1 girl was on contraceptive medication, and 19 children reported "other" medications, which also makes the variable difficult to test. For the total population, we found no significant effects of reported calcium intake (p=0.4665) and additional physical activity (p= 0.8799) on SOS.
Discussion
In the present study, we developed gender-specific reference equations for Central European children aged 6 to 16 years using radial SOS measurements. In our study population of 581 healthy children, the SOS curves show a plateau period in both genders for younger ages followed by an increase phase beginning at the age of 12 years in girls and 14 years in boys. Our results show a good agreement with similar studies in Israel [23] and Greece [25] in the age range 6 to 16 years using the same device (Sunlight Omnisense® 7000P) and site (distal third of the radius). Besides reference equations for QUS at the radius, reference databases of calcaneal [15] [16] [17] [18] [19] , phalangeal [20] [21] [22] , and tibial QUS [23] [24] [25] have been discussed in previous studies. Nevertheless, the findings of these investigations are more difficult to compare with our results, as other regions of interest and different ultrasound techniques were used for the measurements.
In our study, there are considerable gender differences between the SOS increases in boys and girls. As shown in Fig. 1 , in boys, there was a tendency for slightly lower SOS values at the age of 10 years and, again, at the ages of 14 and 15 years with an increase thereafter, whereas in girls, the SOS values declined at the age of 11 years and a steeper increase starts at the age of about 12 years. As the number of participating boys at the age of 10 years was lower than that at the other age groups (n=15), we cannot exclude that the sample size was explaining this finding. On the other hand, the Table 2 decreases at 14/15 years in boys and 11 years in girls are very likely to be at least in part explained by hormonal changes during puberty. Similar age-dependent differences in SOS have been described in other studies [21] [22] [23] with a flattening [21, 22] or slight decrease [23] of SOS values in boys between the ages 9-14 years and a flattening of SOS values in girls aged 6 to 10 years [21, 22] or 9-12 years [23] , respectively, and correlated with pubertal stages [21] [22] [23] . These age-dependent differences in SOS have been described in other studies [21] [22] [23] . In our study, the overall increase of SOS with age in boys was weak, and thus, the explanatory power of the fitted model was significantly lower than for girls. The gender differences are similar to the findings of several previous studies using different QUS techniques at different regions of interest [18, [20] [21] [22] [23] 25] but differ from others [16, 17] . Possible causes affecting gender differences that have been discussed in the listed literature are the physiologically later onset of puberty-related bone growth [19] [20] [21] in boys, the influence of sex steroids [19] in boys, a potentially stronger reduction in relative soft tissue thickness in girls following puberty [20] , as well as the changes in bone architecture and in the different bone properties [24] . For these reasons, the development of bone density in boys is more difficult to explain than the development of bone density in girls. Due to characteristics such as the lack of radiation exposure, the possibility of examination at bedside, the cost-effectiveness, as well as the easy, fast, and safe handling of the device, QUS is particularly indicated to assess repeatedly bone mineral status in children. In a 7-year follow-up study, Trimpou et al. [27] showed a strong positive correlation between QUS measurements and both bone mineral density (BMD) and bone mineral content (BMC) measured with dual-energy X-ray absorptiometry (DXA), indicating that the accuracy and precision of QUS is very high [27] . Therefore, QUS may be a practical and useful alternative to DXA measurements. In children, the tibia (midshaft) and radius (distal third) are the skeletal sites usually measured using a multisite QUS device (by using different probes). It has been shown that the precision of radial, phalangeal, and tibial SOS is in the similar high range, which suggests an adequate precision for clinical application [14] . Furthermore, both Levine et al. [28] and Hartman et al. [29] found a significant correlation between tibial and radial SOS by using the ultrasound system. Additionally, the anatomical structures of the forearm needed for marking the examination point are well defined and visible, which enhances the precision of the measurements. The fast and easy accessibility to the forearm and the comfortable sitting posture during the measurement of the distal third of the radius support a good compliance even in difficult situations.
The vast majority of the participating children reported additional physical activity besides the school sport lessons (3 h per week), but only few children declared very high levels of additional physical activity. This may explain the lack of correlation between the reported level of activity and SOS measurements in our population. Similarly, the estimated calcium intake was comparable in most children with surprisingly little variability. There was only one child reporting no intake of calcium-rich foods or drinks.
Limitations
The present study is limited by its cross-sectional design. Prospective studies with repeated assessments over years on the same study subjects diminish interindividual differences and changes in intrinsic and extrinsic influences across ages. However, during childhood and adolescence, fat mass increases more than lean body mass creating an inhomogeneous distribution of soft tissues. In longitudinal studies, where the same region of interest is studied more than once, body composition will differ between measurements [1] . Thus, even though a cross-sectional design shows greater interindividual differences and can be taken as the starting point for a prospective study, it reduces the inhomogeneity in measurements typically found in prospective studies and is, therefore, a valid study design to be used in QUS measurements. The evaluation of Tanner stages in the study subjects in addition to the gathered anthropometric data in this study would have brought more precise information about the pubertal status of the children and adolescents and possibly provided an explanation for the gender differences. However, the precise assessment of Tanner status was not feasible in this specific school setting, where whole classes were investigated, as it was not possible to provide sufficient privacy. Pubertal status was evaluated using self-report instruments with drawings in other studies [23] , but this method may have some risk of imprecise reporting.
Conclusions
We created gender-specific reference equations for radial SOS values in a healthy Central European pediatric population according to the main anthropometric findings of age and height. The results of the present study can be used as reference equations for radial SOS values in children and adolescents in Central Europe. The distal third of the radius as the region of interest provides several advantages in clinical practice, especially as a fast and easily accessible site.
